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PREFACE 


The  work  reported  herein  was  conducted  at  the  Arnold  Engineering 
Development  Center  (AEDC)  under  joint  sponsorship  of  the  Aerospace 
Research  Laboratory  (ARL)  and  AEDC,  Air  Force  Systems  Command 
(AFSC),  under  Program  Element  61102F,  Project  7065.  The  results 
of  research  presented  were  obtained  by  ARO,  Inc.  (a  subsidiary  of 
Sverdrup  &  Parcel  and  Associates,  Inc.  ),  contract  operator  of  AEDC, 
AFSC,  Arnold  Air  Force  Station,  Tennessee.  The  ARO  Project  Num¬ 
bers  were  VW5212  and  VF212,  and  the  manuscript  (ARO  Control  No, 
ARO-VKF-TR-73- 130)  was  submitted  for  publication  on  September  20, 
1973. 

The  help  of  the  writer's  colleagues  in  the  Aerospace  Instrumenta¬ 
tion  and  the  Aeroballistics  Branches  of  the  von  Karman  Gas  Dynamics 
Facility  should  be  recognized.  In  particular,  E.  J.  Sanders, 

R.  P,  Young,  J.  R.  DeWitt,  J.  R.  Blanks,  E.  E.  Callens,  and 
H.  G.  Harris  have  made  specific  contributions  to  the  experimental 
program. 
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1.0  INTRODUCTION 


The  state  of  our  knowledge  of  boundary-layer  transition  has  been 
summarized  in  notable  reviews  by  Morkovin  (Refs.  1  and  2),  Mack 
(Ref.  3),  and  Mack  and  Morkovin  (Ref.  4).  It  is  a  justifiable  conclusion, 
after  studying  these  reviews,  that  significant,  new  contributions  by  ex¬ 
perimentalists  are  necessary  and  that  all  possible  care  must  be  taken 
to  control  and  define  all  factors  influencing  the  transition  process  in  the 
experimental  environment.  By  far,  most  previous  experimental  inves¬ 
tigations  of  transition  have  been  conducted  in  wind  tunnels  where  it  has 
been  generally  recognized  that  coupling  between  "tunnel"  disturbances 
and  flow  in  the  boundary  layer  under  observation,  almost  always  made 
such  absolute  measurements  as  local  transition  Reynolds  number, 

Re^t*  inapplicable  in  other  environments,  even  when  all  of  the  more 
obvious  dynamic  similarity  conditions  were  matched. 

Conventional  wisdom  has  led  to  frequent  assumptions  that  Re^  -(-  de¬ 
termined  for  a  model  in  a  wind  tunnel  must  be  less  than  would  be  found 
in  full-scale  free  flight  where  flow  disturbances  presumably  are  mini¬ 
mal,  but  even  that  has  not  always  been  true.  Neither  does  it  seem  jus¬ 
tifiable  to  condemn  all  wind  tunnel  data,  as  some  have  done.  When  the 
dominant  factor  influencing  transition  has  been  controlled  (e.g.,  rough¬ 
ness,  bluntness,'  sweep,  or  angle  of  attack)  and  results  are  presented 
so  as  to  suppress  the  uncertainty  attaching  to  absolute  Reynolds  num¬ 
ber  of  transition,  useful  results  may  be  claimed. 

The  free-flight  range  is  an  experimental  facility  not  widely  ex¬ 
ploited  for  boundary- layer  transition  studies,  though  much  used  for 
wake  transition  observations.  This  situation  is  understandable  on 
grounds  of  convenience  and  availability,  but  some  rather  important  in¬ 
formation  may  be  obtained  from  range  experiments.  The  quiet  atmos¬ 
phere  of  the  aeroballistic  range  appears  to  offer  an  opportunity  for 
study  of  boundary- layer  transition  free  of  the  complex  influences  of 
stream  turbulence  and  noise  which  are  known  to  be  present  in  varying 
degrees  in  wind  tunnels.  However,  there  are  some  special  features  of 
aeroballistic  experimentation  which  raise  questions,  and  it  is  appro¬ 
priate  that  they  be  reviewed  in  the  context  of  their  influence  on  boundary- 
layer  transition.  The  ones  discussed  in  this  report  are: 

1.  finite  angles  of  attack  and  oscillatory  motion, 

2,  surface  roughness  under  conditions  of  cold  walls  and 
large  unit  Reynolds  number. 
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3.  vibration  of  the  model  resulting  from  launch 
acceleration,  and 

4.  nonuniform  surface  temperature  owing  to  aero¬ 
dynamic  heating. 

The  investigation  reported  in  Ref.  5  was  conducted  to  answer  the 
previously  unresolved  question  whether  the  local  Reynolds  number  of 
transition,  Reg  t,  would  vary  as  local  unit  Reynolds  number,  (U/r)g, 
varied  under  aeroballistic  range  conditions.  Such  a  variation,  com¬ 
monly  called  a  unit  Reynolds  number  effect,  was  indeed  found.  Under 
the  conditions  existing,  it  was  seen  that  Re^-  g  n( U/rjg1  This  dis¬ 

cussion  takes  Ref.  5  as  a  point  of  departure  and  extends  the  scope  to 
include  a  second  Mach  number,  a  broader  range  of  unit  Reynolds  num¬ 
bers,  and  study  of  the  above-listed  "range-peculiar"  factors  at  both 
Mach  numbers. 

The  two  Mach  numbers  were  selected  on  the  basis  of  stability 
theory  (cf.  Ref.  3)  which  suggests  that  different  modes  of  boundary- 
layer  instability  are  dominant  at  the  two  local  Mach  numbers.  Mg, 
which  were  approximately  2.  1  and  4.  3,  respectively.  The  location  of 
transition  was  measured  on  shadowgrams  of  4-  and  10-deg,  semiangle 
nominally  sharp  cones  at  free- stream  Mach  numbers,  M^,  near  2.  2 
and  5.1.  The  range  atmosphere  was  quiescent  and  free  of  dust,  temp¬ 
erature  spottiness,  and  noise  at  the  model  during  observation. 


2.0  BACKGROUND  INVESTIGATIONS 


The  background  of  the  unit  Reynolds  number  effect  found  in  exper¬ 
iments  was  traced  briefly  by  Potter  in  Ref.  5.  Morkovin  has  since  pre¬ 
sented  a  general  discussion  in  his  review  report  (Ref.  1).  It  has  been 
stated  several  times  (cf.  Ref.  6)  that  (U^/r)g  may  be  the  more  directly 
relevant  parameter,  but  the  unit  Reynolds  number  is  the  most  often  used 
term.  In  Morkovin1  s  review  (Ref.  1),  he  asserts  that  the  "unit  Reynolds 
number  effect"  does  not  represent  one  effect  but  a  complex  superposition 
of  many  functional  relationships.  Thus,  he  properly  cautions  against  ex¬ 
pecting  any  regular  dependence  of  Reg  ^  on  (U/r)g  under  all  circumstances 
His  complete  discussion  may  be  read  with  profit  by  anyone  interested  in 
this  subject. 

It  is  well  known  that  U^/y  appears  as  a  parameter  in  boundary- 
layer  stability  theory,  cf.  Ref.  3.  One  may  immediately  object  that 
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instability  and  transition  are  not  the  same,  which  is  quite  true,  but  the 
potential  value  of  stability  theory  as  a  guide  to  understanding  transition 
needs  no  defense.  A  familiar  result  from  stability  calculations  follow¬ 
ing  the  early  work  of  Tollmien  and  Schlichting  is  sketched  below.  Dif¬ 
ferent  flow  conditions  and  different  techniques  of  solution  produce  dif¬ 
ferent  stability  boundaries,  but  the  qualitative  results  are  similar  to 
this  sketch. 


Reynolds  Number  Based  on  Boundary-Layer  Thickness 


Reshotko  (Ref.  6)  has  discussed  boundary-layer  stability  theory 
with  the  object  of  clarifying  the  roles  of  (U^/y)^  and  (U/r)§.  Following 
Reshotko,  consider  that  the  unsteady,  compressible-fluid  continuity, 
momentum,  and  energy  equations  describe  the  transition  process  as 
well  as  the  other  flow  regimes.  Further  assume  that  all  geometric 
and  model  surface  conditions  are  essentially  constant  and  are  reflected 

tu  /"n  i  -1  rV  Vi  4-  Vi  i  > 
uiougn 


LaJ  ' 


\nnno  onanf  mm 
U  X  U  JLJ.J.  • 


Then  it  follows  that  a  Reynolds  number  characterizing  boundary- layer 
stability  may  be  expressed  as 


Re  =  f  1  ( Mg ,  Tw/T6,  /3^/ug,  9) 
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or 


Re  -  f2(M5,  Tw/Tg,  UgX/yg  cr,  0) 


where  Mg  is  the  local  Mach  number,  Tw/T g  is  the  ratio  of  cone  wall 
temperature  to  local  edge-of-boundary- layer  temperature,  cr  is  the 
phase  velocity  of  disturbance,  9  is  the  characteristic  orientation  of 
disturbance  spectrum,  X  is  the  characteristic  wavelength  of  disturb¬ 
ance  spectrum,  and  where  the  dimensionless  frequency,  fiv g/Ug  ,;.'  is 
proportional  to  the  dimensionless  wavelength,  UgX/rgc.r.  If  Mg, 
Tw/Tg,  and  9  are  essentially  constant,  it  may  be  predicted  on  this 
basis  that  the  transition  Reynolds  number  may  correlate  as  either 


Re6jt  = 


or 


ReS,t  =  f4<U6 X/^6  cr> 


The  dimensionless  phase  velocity,  cr,  is  a  slowly  varying  quantity  at 
higher  Mach  numbers. 

Although  it  may  not  be  certain  that  the  unit  Reynolds  number  is  the 
dominant  variable,  the  numerous  examples  of  good  correlation  of  Reg  t 
with  U g/rg  suggest  that  wavelength  may  be  an  important  aspect  of  the 
disturbance  leading  to  transition.  It  is  possible  that  both  Ug  /  rg  and 
U^/rg  enter  into  the  process  of  transition  and  that  the  relations  would 
be  clearer  if  laboratory  facilities  made  it  easier  to  vary  Ug  for  other¬ 
wise  fixed  conditions.  Almost  all  experiments  in  which  Ug/i/g  or 
Ug/rg  are  varied  at  constant  Mach  number  actually  involve  the  vari¬ 
ation  of  rg  alone. 

Recently,  in  somewhat  limited  wind  tunnel  experiments,  Ross  (Ref. 
7)  investigated  this  question  and  showed  that  (U/tOg  seemed  to  be  more 
significant  than  (U^/r)g.  He  produced  a  variation  of  (U/v)g  by  changing 
total  temperature  at  M^  =  4,  and  the  result  was  found  to  be  Reg  t 
cKU/WgO-  65.  jn  the  light  of  the  knowledge  of  tunnel  noise  influences, 
see  for  example  Refs,  8  and  9,  agreement  of  the  exponent  of  0.  65  with 
that  found  in  Ref.  5  may  be  coincidental.  Generally,  though  by  no 
means  always,  the  exponent  has  been  nearer  0.  4  in  wind  tunnels  where 
(U/r)g  was  varied  by  changing  pressure  at  constant  Mach  number. 
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The  correlation  of  transition  Reynolds  number  with  unit  Reynolds 
number  in  supersonic  and  hypersonic  wind  tunnels  has  been  shown  to  be 
predictable  on  grounds  of  noise  pressure  fluctuations  radiated  onto  mod¬ 
els  from  turbulent  tunnel  nozzle  boundary  layers.  Laufer  (Ref.  8)  dem¬ 
onstrated  the  influence  of  unit  Reynolds  number  on  sound  pressure 
measurements  and  achieved  an  order  of  ten  reduction  in  p/p^  (fluctuating 
sound  pressure  amplitude/free- stream  pressure)  ratio  by  dropping  unit 
Reynolds  number  to  a  level  which  resulted  in  laminar  nozzle  wall  bound¬ 
ary  layers.  Subsequently,  Pate  and  Schueler  (Ref.  9)  constructed  an 
empirical  correlation  for  3  <.  M^,  <L8  using  tunnel  wall  boundary-layer 
parameters  to  represent  the  noise  production  and  the  resulting  influ¬ 
ence  on  transition  on  a  model  exposed  to  that  noise.  However,  there 
would  seem  to  be  no  relationship  between  those  results  and  the  present 
free-flight  range  experiments  which  are  believed  free  of  wall  influence. 
At  least,  none  has  been  suggested  yet,  and  the  proposition  credited  to 
Morkovin  at  the  beginning  of  this  section  probably  is  as  close  to  an  ex¬ 
planation  as  now  exists. 

In  this  discussion  of  the  possible  origins  of  the  unit  Reynolds  num¬ 
ber  effect,  particularly  when  searching  for  it  in  boundary- layer  stability 
theory,  it  should  be  remembered  that  one  is  not  looking  at  a  completely 
explored  and  mapped  territory.  Until  all  the  details  of  the  process  lead¬ 
ing  first  to  instability  and  thence  to  transition  can  be  described,  it  would 
not  be  suprising  if  some  further  revelations  lie  in  store. 

New  viewpoints  on  the  transition  process  may  lead  to  understanding 
of  the  unit  Reynolds  number  effect,  but  only  speculations  can  be  offered 
here.  For  example,  the  role  of  streamwise  vortices  is  well  known  in 
connection  with  the  transitional  process  occurring  in  flows  between  con¬ 
centric,  rotating  cylinders,  and  flows  over  concave  walls.  The  basic 
sources  of  information  on  such  flows  are  early  papers  by  G.  I.  Taylor, 

L.  Prandtl,  H.  Gortler,  and  others.  A  convenient  summary  may  be 
found  in  Ref.  10.  Subsequent  research  by  Liepmann  is  reported  in  Ref. 
11.  More  recently,  Persen  (Refs.  12  through  15)  has  studied  the  ap¬ 
pearance  of  streamwise  vortices  in  various  flows,  including  conical 
flows,  and  has  suggested  that  the  streamwise  vortex  system  is  an  inter¬ 
mediate  stage  between  the  onset  of  instability  of  laminar  flow  and  its 
final  transition  to  turbulence.  He  contended  that  this  is  the  case  in  all 
transitions  of  fluid  flows  and  cited  Gortler' s  comments  in  Ref.  16  con¬ 
cerning  the  bridging  of  the  gap  between  two-dimensional  instability  and 
three-dimensional,  turbulent  flow  where,  Gortler  said,  a  secondary 
critical  Reynolds  number  may  play  a  role. 
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There  is  a  persistent  tendency  on  the  part  of  some  investigators  to 
make  quantitative  comparisons  between  sets  of  transition  data  from  dif¬ 
ferent  experimental  facilities,  e.g.  ,  between  wind  tunnels  and  aero- 
ballistic  ranges.  Aside  from  differences  in  recognized  but  incompletely 
evaluated  parameters  such  as  cone  wall  temperature,  Tw,  and  free- 
stream  temperature,  T^,  which  may  vary  widely  between  tunnel  and 
range  at  a  given  Mach  number,  there  are  other  good  reasons  to  reserve 
judgement  when  comparing  these  types  of  data.  Unless  the  dominant 
causes  of  transition  are  clear  and  well  controlled,  there  can  be  no  con¬ 
fidence  that  the  disturbance  spectra  acting  on  different  boundary  layers 
are  equivalent.  Typically,  this  information  is  seriously  inadequate  be¬ 
cause  of  the  major  effort  needed  to  acquire  it. 

Knowledge  of  the  disturbance  spectrum  would  enhance  any  experi¬ 
mental  data.  In  their  studies  wherein  free- stream  perturbations  were 
related  to  transition  on  a  sharp  flat  plate  in  incompressible  flow.  Miller 
and  Fejer  (Ref.  17)  found  that 

1.  The  Reynolds  number  at  the  beginning  of  transition  was 
influenced  only  by  the  amplitude  of  the  free- stream  oscil¬ 
lation. 

2.  The  transition  distance,  i.e.,  interval  of  length  from  be¬ 
ginning  to  end,  was  influenced  only  by  the  frequency  of 
the  free- stream  oscillation. 

Laufer  and  Vrebalovich  (Ref.  18),  from  work  in  a  supersonic  wind  tun¬ 
nel,  have  reported  that.  .  .  "The  experiments  succeeded  in  detecting  self- 
excited  oscillations  in  the  boundary  layer.  Generally  speaking  the  basic 
features  of  these  oscillations  are  the  same  as  found  in  the  incompressible 
layer  and  are  in  agreement  with  existing  theory.  Specifically,  the  bound¬ 
ary  layer  acts  as  a  frequency  selective  amplifier  with  respect  to  the  dis¬ 
turbances;  depending  on  local  Reynolds  number,  it  attenuates  certain 
frequencies  and  amplifies  others,  thus  causing  detectable  oscillations 
in  a  narrow  band  width.  " 

Whether  disturbances  originate  in  a  wind  tunnel  stream  or  within 
the  flow  field  of  a  body  in  free  flight  through  quiet  air  would  seem  to 
allow  large  differences  in  the  amplitudes  and  frequencies  which  are  im¬ 
posed  on  boundary  layers.  Even  in  the  wind  tunnel  environment  alone, 
possibly  significant  variations  in  acoustic  characteristics  may  be  en¬ 
countered.  Fahy  and  Pretlove  (Ref.  19)  have  observed  that  duct  flows 
may  be  likened  to  antenna  waveguides  in  that  dead-band  regions  or  cut¬ 
off  frequencies  may  exist.  Thus,  depending  on  the  set  of  harmonics 
peculiar  to  the  duct  design,  sound  waves  from  one  source  may  be 
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canceled,  refracted,  or  reinforced  by  waves  generated  by  other  sources. 
Therefore,  it  is  not  surprising  that  the  levels  of  transition  Reynolds  num¬ 
bers  for  given  shapes  at  seemingly  equal  conditions  sometimes  differ  by 
factors  of  two  or  more  between  different  wind  tunnels  or  between  a  wind 
tunnel  and  an  aeroballistic  range.  In  such  circumstances,  data  on  the 
disturbance  spectrum  may  offer  the  only  way  to  understand  the  results. 


3.0  MODELS  AND  RANGE  SYSTEMS 


Data  on  models  are  given  in  Fig.  1.  The  1.  75- in.  -diam  aluminum 
cones  were  used  for  the  earlier  launches,  but  the  2.  5- in.  -  diam  alumi¬ 
num  cone  later  became  the  principal  model.  All  Lexan®  cones  were  of 
1.  75- in.  diameter.  Only  a  few  4- deg  semiangle  cones  were  used,  all 
at  Mach  two  and  at  low  unit  Reynolds  numbers. 


Not  to  Scale.  All  Dimensions  in  Inches 


Figure  1.  Cones  used  in  experiments  (Except  as  noted  on  the  2.5-in. 
cones,  ail  2.5-  or  2. 3-in.  cone  surfaces  were  aluminum. 

The  1.75-in.  cones  were  either  aluminum  or  Lexan. 

Finish  of  the  Lexan  cones  was  approximately  30gin.). 
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The  aluminum  models  were  fabricated  from  7075-T6  alloy  and  were 
given  a  surface  finish  of  10  /jin.  -rms,  or  better.  (The  subject  of  sur¬ 
face  roughness  is  discussed  later.  )  A  nose  radius  of  0.  005  in.  was 
standard  on  both  aluminum  and  Lexan  cones.  The  latter  is  polycarbon¬ 
ate  resin  which  was  selected  because  it  would  give  a  cone  of  appreci¬ 
ably  different  vibrational  characteristics  for  comparison  with  the  alumi¬ 
num  cone.  This  was  wanted  for  a  study  of  the  possible  influence  of  vib¬ 
ration  on  boundary- layer  transition,  which  is  discussed  in  a  later  sec¬ 
tion.  At  first  it  was  supposed  that  the  Lexan  cones  would  require  alumi¬ 
num  tips  to  prevent  ablation,  but  trial  flights  in  the  range  proved  that 
an  all- Lexan  cone  surface  was  feasible  under  these  conditions. 

Figure  2  is  a  typical  magnified  photograph  of  the  tip  of  an  aluminum 
cone.  It  will  be  noticed  that  the  cone  tip  in  Fig.  2  is  closely  hemispher¬ 
ical  except  near  the  base  of  the  hemisphere  where  the  finishing  process 
symmetrically  removed  a  small  amount  of  material,  making  the  tip 
somewhat  parabolic.  As  it  is  confined  to  a  small  region,  typically  about 
0.  01  in.  long,  no  effect  of  this  type  of  manufacturing  error  would  be  ex¬ 
pected. 


Figure  2.  Typical  cone  tip  magnified  50X  for  inspection 
prior  to  launch. 


Sabots  used  with  these  cones  are  discussed  in  the  context  of  their 
relation  to  roughening  of  cone  surfaces  in  a  later  section.  Portions  of 
the  sabots  in  contact  with  the  cones  were  given  finishes  of  approximately 
30  pin. -rms. 
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The  aeroballistic  range  used  for  this  work  was  Hyperballistic  Range 
(K)  (Fig.  3).  This  is  a  100-ft-long,  6-ft-diam  range  equipped  with  six 
dual- axis  shadowgraph  systems  and  a  single  high-quality  schlieren  or 
focused  shadowgraph  system  at  the  time  these  studies  began.  The  lat¬ 
ter,  with  an  effective  exposure  duration  of  0..15  p sec,  was  used  to  ob¬ 
tain  the  principal  photographic  data  in  this  investigation.  During  the 
later  stages  of  the  experiments  a  second  such  photographic  station  was 
installed.  A  laser-front-lighted  photographic  system,  with  an  effective 
exposure  duration  of  20  nsec,  was  used  to  obtain  information  on  cone 
surface  conditions  after  launch. 


U1  LT) 


Figure  3.  Schematic  drawing  of  Range  K  showing  uprange  instrumentation 
and  launch  tube  location. 


A  single-stage,  2.  5- in. -caliber  launcher  was  used.  The  muzzle  of 
this  gun  was  located  approximately  42  ft  from  the  principal  focused 
shadowgraph  station.  The  cones  were  launched  without  spin,  and  safcot 
separation  was  caused  by  aerodynamic  force  on  the  sabot  components. 

Noise  in  the  range  was  monitored  by  small  microphones,  much  as 
reported  in  Ref.  5.  Except  during  some  brief  trial  launches  with  a 
siren  in  the  range,  0.  25-in.  Bruel  and  Kjaer-®  (B  &  K)  microphones 
were  used.  For  the  trial  with  a  siren,  described  later,  a  B  &  K  0.  5- 
in.  model  was  installed.  Figure  4  shows  a  simplified  layout  of  the  mi¬ 
crophone  data  system.  Some  pertinent  characteristics  of  the  complete 
system  for  sound  pressure  measurement  follow: 
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Dynamic  Range:  70  to  174  db-rms,  referenced  to  0.0002  p bar 
Limiting  Sound  Pressure:  185  db 

Response:  ±3  db  from  40  Hz  to  40  kHz  at  pressures  and  tem¬ 
peratures  of  this  investigation 


4.0  RANGE  AIR  CONDITIONS 


During  the  work  reported  in  Ref.  5,  the  only  measurable  disturb¬ 
ances  in  the  range  air  arose  from  vibration  of  the  range  structure.  The 
dominant  cause  of  this  was  traced  to  the  impact  of  the  sabot  sections  on 
the  stripper  located  in  the  blast  tank  between  the  launcher  muzzle  and 
the  opening  into  the  range  proper.  Figure  3  illustrates  the  structural 
arrangement  during  the  present  launchings.  If  the  sabot  impact  on  the 
stripper  were  allowed  to  transmit  disturbances  through  the  steel  tank 
structure  at  the  speed  of  sound  in  that  material,  these  disturbances 
would  arrive  in  the  wall  near  the  photographic  station  well  ahead  of  the 
cones.  Vibrations  of  the  structure  are  transmitted  to  the  adjacent  air, 
so  it  is  apparent  that  disturbances  would  be  introduced  into  the  air  ahead 
of  the  cones  unless  their  speed  is  sufficient  to  outrun  the  structure-to- 
air  noise.  This  was  illustrated  in  Ref.  5. 


Microphone 
1 


Power  Supply 
B&K  Type  2801 

Direct 


Magnetic  Tape  Recorder 
3M.  Model  G114 


B&K  Instrument 
Type  4136 


Microphone 

2 


A 


B&K  Instrument" 
Type  4136 


Oscillograph 
Honeywell  Model  1012 


Amplifier 
Hewlett  Packard 
Gain  =  100 


Direct 


Microphone  Amplifier 
B&K  Model  2603 


System  Bandwidth  Nominally 
20-40,  000  Hz 


Figure  4.  Sound  pressure  data  recording  system. 
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To  suppress  this  noise  near  its  dominant  source,  a  heavy  , rubber 
coupling  was  installed  between  the  blast  tank  and  the  range  entrance  as 
shown  in  Fig.  3.  This  simple  step  proved  highly  effective  in  that  no 
significant  sound  pressure  level  was  measurable  near  the  centerline  of 
the  range  at  the  photographic  stations  prior  to  arrival  of  the  cones  at 
either  Mach  two  or  five.  Based  on  the  characteristics  of  the  micro¬ 
phone  system  described  earlier  it  is  concluded  that  sound  pressure 
level  in  the  40-Hz  to  40-kHz  regime  was  therefore 

p  «  4.  7  x  10-4  mm  Hg,  rms 
Using  the  lowest  value  of  p^,  this  gives 

(p/pJmax”  2  x  10'6’  rms 

This  is  several  orders  of  ten  lower  than  the  levels  measured  in  super¬ 
sonic  wind  tunnels  at  Mach  three,  cf.  Refs.  8  and  9.  However,  the 
earlier  discussion  of  disturbance  spectra  and  the  uncertainty  about  the 
relative  importance  of  different  amplitude-frequency  bands  should  dis¬ 
courage  quantitative  speculation  on  the  effect  of  this  low-noise  environ¬ 
ment  on  transition  Reynolds  numbers. 

Considering  that  the  range  air  had  long  settling  times  between  pump¬ 
ing  or  venting  operations  and  was  always  near  room  temperature,  there 
was  little  likelihood  of  measurable  turbulence  or  temperature  spottiness 
existing  immediately  prior  to  launches.  The  question  of  suspended  dust 
was  investigated  by  conducting  tests  using  techniques  developed  for  clean- 
room  monitoring.  Repeated  tests  always  showed  the  number  of  dirt  par¬ 
ticles  to  be  less  than  the  level  expected  in  an  office  area.  The  data 
scattered  about  the  curve  defining  a  class  10,  000  clean  room. 


5.0  SOME  FEATURES  OF  AEROBALLISTIC  EXPERIMENTATION 


This  section  is  devoted  to  discussion  of  the  aeroballistic  conditions 
that  were  mentioned  in  Section  1.  0,  namely: 

1.  finite  angles  of  attack  and  oscillatory  motion, 

2.  surface  roughness, 

3.  vibration  of  the  model  resulting  from  launch  acceleration,  and 

4.  nonuniform  surface  temperature  owing  to  aerodynamic  heating. 
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Although  these  may  be  present  in  wind  tunnels  too,  they  are  more  likely 
to  be  factors  under  aeroballistic  range  conditions.  If  free- stream  dis¬ 
turbances  are  negligible  in  a  range  and  if  external  disturbances  are  nec¬ 
essary  for  instability  and  transition  in  a  boundary  layer,  then  candidates 
may  be  found  in  the  above  list. 


5.1  INFLUENCE  OF  ANGLE  OF  ATTACK 

It  is  rare  that  a  free- flight  model  maintains  zero  angle  of  attack 
throughout  its  flight.  Under  the  best  conditions,  aeroballistic  models 
may  have  near-zero  average  total  angle  and  exhibit  amplitudes  of  only 
one  or  two  degrees.  However,  the  typical  range  is  equipped  with  only 
a  few  schlieren  or  shadowgraph  stations  of  the  high  quality  needed  for 
photographing  boundary- layer  transition,  and  the  photographic  data  on 
the  models  launched  inevitably  will  include  a  random  distribution  of 
angles.  Note  that  one  must  distinguish  between  the  total  angle  and  the 
angle  in  the  plane  of  the  photograph;  they  usually  will  be  different.  The 
range  pressures  in  transition  work  usually  are  relatively  high,  which 
aids  in  damping  the  model  motions,  but  the  observation  station  for  tran¬ 
sition  studies  on  high-speed,  sharp-nosed  models  usually  must  be  lo¬ 
cated  rather  near  the  launcher  to  obtain  data  prior  to  ablation  of  the 
model.  Thus,  finite  and  variable  angles  of  attack  must  be  expected. 

For  the  experiments  discussed  herein.  Fig.  5  is  typical.  The 
angles  in  two  planes  are  plotted  as  a  function  of  length  along  the  range, 
measured  from  the  first  to  the  last  of  six  dual-axis  shadowgraph  sta¬ 
tions.  The  M  and  N  planes  refer  to  the  two  orthogonal  film  planes  of 
the  shadowgraph  cameras.  The  principal,  parallel-light,  single-axis 
shadowgraph  station  was  located  at  5  ft  on  the  length  scale  given.  This 
typical  case  is  characterized  by  an  average  velocity  of  approximately 
5700  ft/sec,  a  quarter-cycle  of  motion  in  roughly  17  ft,  and  a  maxi¬ 
mum  amplitude  somewhat  under  2  deg.  The  wetted  length  of  the 
conical  model  upstream  of  transition  in  this  case  was  slightly  under 
5  in.  Thus,  there  was  a  change  in  angle  of  attack  of  2  deg  in  17  ft  of 
flight  or  0.  0029  sec,  giving  a  rate  of  change  of  690  deg/sec.  In  terms 
of  wetted-length-to-transition,  the  velocity  was  13,  700  lengths /sec. 

This  enables  expressing  the  oscillatory  motion  as  690/13,  700  = 

0.  05  deg/wetted  length.  If  one  assumes  that  the  change  in  angle  of 
attack  during  a  time  corresponding  to  flow  from  stagnation  point  to 
transition  location  is  crucial,  then  this  information  seems  to  warrant 
the  tentative  assumption  that  the  oscillations  of  the  models,  per  se,  in 
these  experiments  were  of  low  enough  frequency  for  that  to  be  ignored 
as  a  factor  in  boundary-layer  transition. 
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There  have  been  several  reports  on  the  effects  of  small  angles  of 
attack,  a,  on  transition  location  on  cones.  Some  of  the  data  are  sum¬ 
marized  in  Fig.  6,  and  Table  1  gives  supplemental  information. 


Table  1. 

Experiments  on  Effect 
Attack  on  Transition 

of  Angle  of 

Ref. 

9C,  deg 

Tw/ ^aw 

Rero  in.”  ^  x  10 

20 

2.  87 

21.  5 

~  1 

1.  19 

21 

8.  0 

5.  5 

0.2  -  0.6 

0.  11  -  0.  34 

22 

10.  0 

6.  9 

~'0.5o 

0.  38 

23 

5.  0 

8.  0 

~ 0.  4 

1.  14. 

24 

8.  0 

10.  2 

~0.  3 

0.  175 

25 

10.  0 

6.  0 

CO 

CO 

o 

1.  10 

where  9C  is  the  cone  semiapex- angle  and  Taw  is  the  adiabatic  wall  tem¬ 
perature.  For  comparison,  the  present  conditions  are: 


10.  0 

5.  1 

~  0.  18 

0.  76  -  8. 

1 

4  &  10 

2.  2 

~ 0.  50 

0.  31  -  3. 

1 
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The  authors  of  Ref.  21  ignored  the  possibility  of  a  unit  Reynolds 
number  influence  in  drawing  the  curve  reproduced  in  Fig.  6,  i.e.,  they 
compared  points  for  a  =  0  and  a  /  0  which  did  not  correspond  to  con¬ 
stant  U lv.  The  curve  marked  21a  represents  the  result  of  an  effort  to 

1  /  o 

adjust  the  results  of  Ref.  21  on  the  basis  of  an  assumed  Re^.  «  ( U/v)l/ 
relation.  It  is  shown  only  to  indicate  qualitatively  how  much  influence 
may  have  existed. 


CD 

II 


0.2 


0l - 

1.0  0.8 


Windward 

0.6  0.4  0.2 

a/ec 


Leeward 

0.2  0.4  0.6 


Figure  6.  Some  published  data  on  the  influence  of  angle 
of  attack  on  transition  location. 


The  curves  marked  24  and  24a  represent  the  extremes  of  the  data 
of  Ref.  24.  Curve  24  represents  <j>  =  0  and  180,  where  <j>  is  measured 
from  the  windward  stagnation  line  on  the  cone  surface  to  the  meridian  in 
question.  As  0  varied  at  fixed  a,  s^  values  between  curves  24  and  24a 
were  found. 
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Table  1  shows  that  most  of  the  conditions  represented  in  Fig.  6 
are  not  directly  comparable  to  the  conditions  of  the  present  investiga¬ 
tion.  The  roles  of  Mach  number  and  even  cone  angle  cannot  be  easily 
seen,  probably  partly  because  of  experimental  scatter  and  the  influence 
of  additional  factors.  Some  of  the  referenced  material  shows  evidence 
that  nose  bluntness  and  Reynolds  number  also  are  factors  to  consider 
in  correlating  such  data.  Note  that  transition  location  does  not  vary  as 
would  be  expected  on  the  basis  of  changes  in  local  unit  Reynolds  num¬ 
ber  when  a  varies.  Apparently,  cross -flow  effects  dominate,  i.  e.  , 
cross -flow  and  related  viscous -fluid  phenomena  are  more  important 
than  changes  in  local  "inviscid"  flow  properties. 

Ward's  results  (Ref.  25)  are  of  interest  because  the  experimental 
conditions,  Mg,  6C,  and  (U/r)g,  were  close  to  the  present  Mach  five  case. 
A  modification  has  been  made  to  Ward's  result  which  consists  of  refair¬ 
ing  his  curves  between  0  and  1  deg  leeward,  as  shown  in  Fig.  7.  The 
result  is  not  in  conflict  with  Ward's  data,  and  it  seems  to  agree  better 
with  the  present  range  data  (if  such  a  fine  point  is  justified  here). 


Angle  of  Attack,  a,  deg 

Figure  7.  Effect  of  angle  of  attack  on  transition  location, 
from  Ward  (Ref.  25). 

Under  the  auspices  of  a  NASA  Transition  Study  Group  chaired  by 
Eli  Reshotko,  the  writer  had  a  series  of  contacts  with  J.  M.  Kendall,  Jr 
of  the  Jet  Propulsion  Laboratory  in  Pasadena,  California.  Dr.  Kendall 
agreed  to  conduct  experiments  in  the  NASA/ CIT  Jet  Propulsion  Labora¬ 
tory  20- in.  supersonic  wind  tunnel  with  the  objective  of  determining 
the  angle-of- attack  influence  on  transition  under  conditions  as  close  as 
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practicable  to  those  of  the  present  free  flights.  Access  to  his  results 
was  very  helpful  during  the  analysis  of  the  free-flight  data.  The  con¬ 
ditions  are  shown  in  Table  2. 

Table  2.  Kendall's  Experiments  on  Angle-of-Attack 
Effect 

0C,  de§  Mm  M6  Tw/Taw  Rero  in."1  x  IQ'5 

4.0  2.2  2.15  1  4.  5  maximum 

10.  0  2.  2  -  4.  8  2.  03  -  4.  10  1  4.  5  maximum 

One  interesting  result  of  the  wind  tunnel  experiments  is  shown  in 
Fig.  8,  which  was  provided  in  advance  of  publication  by  Dr.  Kendall. 


0,  deg 

Figure  8.  Influence  of  angle  of  attack  compared  to  typical 
circumferential  variations  in  transition  location. 

It  is  revealing  to  see  that  the  natural  circumferential  variation  of  tran¬ 
sition  location  at  a  =  0  was  at  least  as  uneven  as  the  distribution  at 
a  -  1  deg  or  a/9c  =  0.  25.  The  spread  between  the  two  curves  in  Fig. 

8  is  less  than  the  scatter  of  the  aeroballistic  range  data  to  be  discussed 
later.  Therefore,  it  is  concluded  that,  for  a/6c<  0.  25  at  least,  there 


20 


A E  DC-T  R-73-1  94 


is  no  need  to  account  precisely  for  meridian  angle  or  circumferential 
variations  in  the  range  data  when  Up  f  a  (where  a-p  is  the  angle  of  attack 
in  the  plane  of  the  photograph).  On  the  windward  sides  of  cones,  where 
the  influence  of  angle  of  attack  is  small,  this  would  suggest  that  merid¬ 
ian  angle  is  unimportant  for  aj  9C  appreciably  larger  than  0.  25.  The 
writer  also  has  observed  that,  typically,  transition  location  on  a  cone 
at  small  angle  of  attack  does  not  vary  significantly  or  systematically 
with  meridian  angle  up  to  (f>  =±110  deg  for  a/ 9C  <0.5.  That  is,  the 
data  spread  with  roll  at  a  -  0  is  as  great  as  the  change  in  Re^  ^  with  a 
up  to  a/9c  %  0.  5,  cf.  Refs.  24  and  27.  Note  that,  for  small  values  of 
a  and  Up  , 

cos  </>  «  ±»p /a 


Thus,  for  example,  the  edges  of  the  cone  profile  seen  in  a  photograph 
correspond  to 


and 


(f>  =  0  or  180  deg  when  Up  =  a 
</>  =  90  deg  when  o-p  =  0  but  a  f  0 


In  Fig.  9,  Kendall's  results  for  the  influence  of  angle  of  attack  are 
compared  with  Ward's,  and  remarkably  good  agreement  is  apparent. 

Of  course,  such  a  direct  comparison  is  not  justified  in  view  of  the  Mach 
and  Reynolds  number  differences,  but  the  agreement  is  pointed  out  be¬ 
cause  it  justifies  using  only  one  u-correction  curve  for  all  of  the  pres¬ 
ent  conditions  if,  say, 


a/6c  (leeward)  <  0.  25 

Nevertheless,  a  problem  remains  with  the  lee  data  for  f  a,  even 
when  the  above  limitation  is  imposed.  At  a/ 6C  -  0.  25  in  Fig.  9,  the 
correction  factor  for  lee-side  readings  is  0.  48,  at  0  =  180  deg  and 
o-p  =  a.  But  the  author's  observation  is  that  a  correction  factor  near  1 
is  justified  if  </>  <*110  deg  and  Up  /  a,  where  <j)  is  the  meridian  angle 
representing  the  edge  of  the  silhouette  of  the  cone  as  seen  in  the  fo¬ 
cused  shadowgram. 

Considering  the  inherent  scatter  of  transition  location,  particularly 
when  single- shot,  high-speed  photographic  data  are  used,  and  the  un¬ 
certainties  in  angle-of-attack  correction,  it  was  decided  to  adopt  the 
following  criteria  for  acceptance  of  data  in  the  present  experiments: 

1.  Use  windward  data  for  a/ 9C  <  0.  6.  Few  exceeded  0.  3. 
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Figure  9,  Kendall's  and  Ward's  data  on  the  angle-of-attaek 
influence. 
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2.  Use  leeward  data  for  a/6c  <  0.  25  but  only  when  corresponding 
windward  data  are  available  for  support. 

3.  Disregard  the  difference  between  a  and  Up,  under  the 
restrictions  of  (1)  and  (2),  when  dealing  with  <j>  <  llCLdeg. 

4.  Let  the  factor  of  Fig.  9  for  lee  readings  vary  linearly 
from  the  value  given  in  Fig.  9  for  0  =  ±180  deg  to  a 
value  of  1.  0  as  0  goes  from  180  to  110  deg.  This  is 
consistent  with  the  data  in  Refs.  24  and  27  where, 
within  the  basic  scatter  of  the  data  for  fixed  a,  there 
is  roughly  a  linear  variation  of  Re5>t  with  0  in  the 
region  of  concern. 

5.  Base  the  correction  of  all  data  on  Ward's  curve  on  Fig.  9. 

6.  Disregard  the  effect  of  small  angles  of  attack  on  local  M 
and  Re. 

Attention  is  directed  to  the  more  complete  method  for  analyzing  angle- 
of-attack  effect  on  transition  presented  by  Mateer  (Ref.  27).  That  de¬ 
gree  of  effort  to  refine  the  present  data  was  not  deemed  necessary  in 
view  of  the  other  influences  on  the  scatter. 


5.2  INFLUENCE  OF  SURFACE  ROUGHNESS 

Because  of  the  typically  higher  local  unit  Reynolds  number,  cold 
walls  (Tw  <  Taw)  and  consequently  thin  boundary  layers,  it  has  been 
suggested  that  transition  data  from  aeroballistic  ranges  may  be  affected 
by  surface  roughness.  Although  a  method  exists  for  predicting  the  in¬ 
fluence  of  standard,  raised  roughness  on  transition  (Ref.  28),  it  was 
thought  best  to  conduct  some  experiments  under  actual  aeroballistic 
range  conditions.  This  was  done  at  Mach  numbers  of  five  and  two. 

In  the  Mach  five  phase,  which  was  done  first,  cones  otherwise  iden¬ 
tical  to  the  1.  75-in.  models  in  Fig.  1  were  deliberately  roughened,  as 
sketched  in  Fig.  10.  Considering  that  circumferential  machine  tool 
marks,  or  grooves,  seemed  to  be  the  most  general  form  of  roughness 
encountered  on  nominally  smooth  conical  bodies,  the  desired  roughness 
was  created  simply  by  changing  cutting  tool  speed.  That  produced  vary¬ 
ing  degrees  of  circumferential  roughness  which  was  measured  in  the 
usual  manner  with  a  profilometer.  The  shortcomings  of  such  devices 
for  surface  roughness  measurements  are  well  known.  Mainly,  the  ob¬ 
jections  are  the  possible  scratching  of  the  surface  by  the  stylus  and  the 
inordinately  large  radius  of  the  profilometer  stylus  (500  pin.)  compared 
to  the  smaller  dimensions  of  the  roughness.  A  typical,  well-finished 
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cone  surface  registered  less  than  10  in.  -rms,  but  one  must  assume 
that  the  profilometer  stylus  could  not  penetrate  to  the  bottom  of  sur¬ 
face  defects  with  transverse  widths  less  than  stylus  diameter,  cf.  Ref. 
29.  Whether  such  types  of  roughness  are  of  any  importance  in  a  given 
case  is  another  subject  to  consider.  In  view  of  the  data  to  be  shown 
later,  it  is  probable  that  defects  of  this  scale  did  not  matter  in  the  ex¬ 
periments  discussed  herein. 


All  Dimensions  in  Inches 


Figure  10.  Cone  with  distributed  roughness. 


When  the  time  arrived  for  the  experiments  on  roughness  effect 
threshold  at  Mach  two  it  was  decided  to  use  a  narrow  band  of  grooved 
or  screw-thread  roughness  rather  than  the  widely  distributed  rough¬ 
ness  sketched  in  Fig.  10.  In  addition  to  yielding  data  on  a  different 
type  of  roughness,  the  changed  procedure  made  "reading"  the  shadow- 
grams  a  little  easier.  Only  2.  5-in.-diam  cones  were  used  for  the  Mach 
two  studies. 

Six  circumferential  V-grooves  (screw-threads)  were  machined  in 
the  aluminum  2.  5-in.-diam  cones  beginning  1.  5  in.  from  the  apex  (cf. 
Fig.  10).  Thus,  the  band  extended  only  about  1/10  in.  along  the  cone. 
Design  of  the  screw-thread  was  selected  so  that  profilometer  readings 
on  the  distributed  roughness  described  previously  and  on  the  six  rows 
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of  threads  were  consistent.  In  both  cases,  the  actual  dimension  from 
the  bottom  of  a  groove  to  the  top  was  approximately  four  times  the 
quoted  profilometer  rms;  roughness  reading.  The  tops  of  the  grooves 
lay  on  the  finished  surface  of  the  smooth  cone,  i..e.,  the  threads  were 
cut  as  shown  below: 

’777777777777/^^^^^)^77777777777777 


Figure  11  represents  a  cone  in  flight  at  Mach  five  with  distributed 
roughness,  and  Fig.  12  shows  a  cone  at  Mach  two  with  a  narrow  band  of 
roughness.  Figure  13  gives  the  results  for  the  Mach  five  distributed 
roughness,  while  Fig.  14  presents  similar  results  for  the  Mach  two 
localized  roughness.  The  significant  point  to  be  made  here  is  that  no 
effect  on  transition  was  discerned  until  levels  of  roughness  were  ex¬ 
tended  well  above  those  measured  by  the  same  technique  on  nominally 
smooth  cones  (~10  qin.-rms)  which  were  used  for  the  main  body  of  this 
research.  Even  though  the  critical  roughness  seems  safely  higher  than 
any  to  be  expected  on  the  "smooth"  cones  used  in  this  study,  further  ex¬ 
periments  were  conducted  because  of  some  markings  seen  on  free- 
f light  cones. 


Figure  11.  Cone  at  Mach  5.1  with  distributed  1700  juin.-rms 
roughness. 
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Figure  12.  Cone  at  Mach  2.2  with  band  of  2400  /dn.-rms 
roughness. 


It  must  be  remembered  that  it  is  surface  condition  in  flight  at  the 
observation  station  which  really  matters.  Thus,  laser-front-lighted 
photography  of  the  cones  in  flight  has  been  used  as  a  means  for  identify¬ 
ing  any  cones  with  visible  defects  such  as  roughened,  bent,  or  ablated 
surfaces.  The  technique,  as  applied  to  high-speed,  free-flight  ablation 
research,  has  been  described  by  Dugger,  Enis,  and  Hill  (Ref.  30). 

Two  basic  types  of  sabots  have  been  used  in  this  work.  In  the  prior 
work  (Ref.  5)  and  part  of  the  recent  investigation,  closed-base  sabots 
were  used.  For  all  of  the  2.  3-  and  2.  5- in.  aluminum  cones  used  later, 
open-based  sabots  were  used.  The  following  sketch  shows  the  principal 
features  of  these  designs,  all  of  which  were  used  with  a  gun  of  2.  5- in. 
caliber. 
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Figure  13.  Effect  of  distributed  surface  roughness  on 
cone  at  Mach  5.1. 
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One  sees  that  under  the  pressure  of  the  gun  gas  the  sabot  pushes  on  the 
cone  if  the  sabot  is  a  closed-base  design.  Masses  and  base  areas  of 
the  open-based  sabot  for  sub- caliber  cones  are  adjusted  so  that  the  cone 
pushes  on  the  sabot.  For  full-caliber  cones  and  open-based  sabots,  it 
is  obvious  that  the  cone  pushes  op  the  sabot  during  launch.  The  point 
of  this  discussion  is  that  launch  loads  are  great  and  the  cone  wetted  sur¬ 
face  may  be  roughened  if  there  is  sufficient  interaction  as  the  cone  pres¬ 
ses  into  the  open-based  sabot.  Open-based  sabots  were  developed  be¬ 
cause  there  is  evidence  that  they  lead  to  less  disturbed  launches  and 
lower  angles  of  attack  after  the  sabot  separates  from  the  cone. 

Cones  in  these  experiments  were  made  from  either  7075-T6  alu¬ 
minum  alloy  or  Lexan.  The  latter  was  used  for  the  cones  in  the  study 
of  vibration  discussed  in  the  following  section.  The  open-based  sabots 
for  the  aluminum  cones  and  the  closed-base  sabots  for  the  Lexan  cones 
were  of  Lexan,  whereas  the  major  portion  of  the  closed-base  sabots 
interacting  with  the  surfaces  of  the  other  aluminum  cones  was  Dylite. 

The  latter  is  a  soft  plastic  much  used  for  inexpensive  ice  chests  and 
packaging.  During  the  experiments  of  Ref.  5,  closed-base  sabots  made 
of  Lexan  were  used. 

Aside  from  a  few  cases  of  cone  damage  in  launch,  e.g.,  bent  noses 
on  the  4- deg  cones,  the  most  important  finding  in  the  laser-front-lighted 
photographs  was  discolored  areas  on  the  cone  surfaces  where  cone  and 
sabot  were  in  contact.  An  example  is  Fig.  15.  Such  markings  were 
seen  at  various  times  for  all  types  of  sabots  used. 

Laser-front-lighted  photography  of  static  aluminum  cones  sub¬ 
jected  to  simulated  launch  loadings  in  open-based  sabots  revealed  that 
the  discolored  area  of  Fig.  15  could  be  approximated  with  roughnesses 
measuring  only  15  pin.-rms.  Early  in  this  investigation,  it  was  also 
found  that  the  inner  surfaces  of  the  Lexan  sabots  contacting  the  cones 
were  characterized  by  profilometer  readings  of  the  order  of  100  pin.- 
rms.  Thereafter,  it  was  decided  to  require  inner  Lexan  sabot  surfaces 
to  be  finished  to  the  order  of  30  qin.-rms,  which  is  deemed  about  the 
best  to  be  expected  on  a  routine  basis  from  ordinary  lathe  work  on 
Lexan.  Then,  it  seems  a  safe  assumption  that  any  scuffing  or  emboss¬ 
ing  caused  by  the  cone  pressing  against  the  sabot  would  be  less  than  30 
H  in.-rms,  particularly  since  the  aluminum  is  the  stronger  of  the  two 
materials.  The  Dylite  foam  is  so  soft,  in  comparison  to  aluminum, 
that  any  interaction  under  launch  loading  should  not  appreciably  roughen 
the  aluminum  cones.  In  addition,  the  closed-base  sabot  causes  the  base 
of  the  cone  to  carry  the  load,  rather  than  the  cone  wetted  surface,  and 
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this  lessens  the  likelihood  of  surface  embossing.  More  importantly, 
no  difference  in  transition  data  was  detected  in  comparisons  between 
"early"  and  "later"  sabot  usage.  That  is,  of  course,  consistent  with 
the  results  in  Figs.  13  and  14  if  the  roughness  caused  by  the  sabot  is 
no  more  than  0  (100  pin.). 

The  zig-zag  or  saw-tooth  pattern  of  the  discoloration  on  the  free- 
flight  cone  in  Fig.  15  deserves  explanation.  The  sabot  quarters  have 
serrated  surfaces  where  they  fit  together.  This  is  to  form  a  seal 
against  leakage  of  gun  gases  and  to  prevent  slippage  of  the  sabot  quar¬ 
ters  relative  to  one  another.  It  was  clear  that  the  pattern  seen  in  Fig. 
15  fitted  the  sabot  serrations,  but  it  was  not  known  if  the  roughness 
represented  by  this  pattern  was  high  enough  to  be  important.  Presum¬ 
ably  the  "printing"  was  caused  by  hot  powder  chamber  gas  leaking 
through  the  seals  from  the  base  of  the  sabot,  possibly  enhanced  by  con¬ 
taminants  produced  as  the  sabot  was  heated  by  the  propelling  gas  and 
by  friction  along  the  gun  barrel. 


-  .  im 

—  Sa w -Tooth  Markin q jgMlh 
or  Discoloration  '  HU 


Machined  1600  pin.  -rms 
Roughness  Grooves 


Figure  15.  Laser-front-lighted  photograph  of  cone  in  flight. 
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To  resolve  the  question  raised  by  the  leakage- related,  printed  pat¬ 
tern  described  above,  a  technique  of  wrapping  the  cones  with  a  thin, 
single-layer  sheet  of  Mylar®  was  adopted.  .  The  Mylar  was  wrapped 
around  the  cones  so  that  all  four  longitudinal  sabot  joints  were  fully 
covered  by  the  protective  sheet.  During  launch,  after  exit  from  the 
gun  barrel,  the  Mylar  sheet  was  quickly  swept  aside  and  fell  to  the 
floor.  This  left  the  cones  unmarked  by  the  sabot  serrations.  The  tech¬ 
nique  was  successful  on  every  launch  of  2.  5-in.-diam,  10-deg  cones  in 
open-base  sabots.  The  latter  was  the  only  type  of  sabot  used  during 
this  phase  of  the  investigation.  It  was  not  successful  when  4- deg  cones 
were  used.  Evidence  picked  up  off  the  blast  tank  floor  showed  that  the 
Mylar  sheet  was  cut  or  burned  through  in  a  saw-tooth,  pattern  where  it 
fitted  against  the  serrated  sabot  joints. 

Considering  that  no  difference  in  transition  data  was  found  in  com¬ 
paring  data  for  Mylar- wrapped  and  unprotected  10-deg  cones,  it  seems 
safe  to  conclude  that  the  printed,  longitudinal,  saw-tooth  patterns  did 
not  systematically  influence  the  results.  The  Mylar- wrapped  cones 
will  be  identified  when  transition  data  are  discussed  later  in  Section 
6.  0. 


In  view  of  Figs.  13  and  14,  and  the  other  results  described,  it  is 
concluded  that  surface  roughness  has  not  significantly  affected  the  data 
presented  in  Ref.  5  or  any  of  the  later  data  reported  herein.  And  fur¬ 
ther,  roughness  can  be  regarded  as  a  negligible  factor  in  relation  to  the 
data  for  any  of  the  so-called  smooth  cones  under  conditions  where  the 
method  of  Ref.  28  predicts  no  influence. 


5.3  INFLUENCE  OF  MODEL  VIBRATION 

The  possible  influence  of  model  vibration  was  examined  by  com¬ 
paring  transition  results  obtained  from  launching  cones  of  two  materi¬ 
als  under  otherwise  similar  conditions.  The  materials  were  chosen 
on  the  basis  of  their  being  compatible  with  the  rigors  of  range  opera¬ 
tions  while  having  appreciably  different  vibrational  characteristics. 

If  one  made  a  significant  change  in  transition  location  by  this  variation 
in  cone  vibrational  behavior,  it  at  least  would  indicate  the  need  for 
more  careful  study.  Seeing  no  change  does  not  prove  that  cone  vibra¬ 
tion  is  not  a  factor,  but  the  experiment  seemed  worthwhile. 

All  the  previous  work,  as  well  as  the  current  extension,  involved 
aluminum  cones.  The  only  readily  usable  material  offering  significantly 
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different  vibrational  characteristics  appeared  to  be  Lexan.  Table  3 
shows  relevant  data  on  the  two  materials. 

Table  3.  Frequency  and  Amplitude  Data 

Material  W  Y 

Aluminum  7075-T6  1  1 

Lexan  0.  28  3.  3 

■  .  .1/2  ,  1/2 
W  =  (E/p)  /(E/p)aluminum 

=  frequency  ratio 

Y  =  (^y/E)/(ay/E)aluminum 

=  amplitude  ratio 

E  =  Young's  modulus  of  elasticity 

p  =  material  density 

Oy  =  yield  strength  in  tension 

Laboratory  experiments  have  essentially  confirmed  the  computed 
frequency  ratio  in  Table  3.  These  experiments  took  two  forms.  First, 
the  1.  75-in. -diam  aluminum  and  Lexan  cones  were  simulated  by  models 
in  the  manner  shown  in  Fig.  16. 


Figure  16.  Apparatus  for  studying  vibrational  characteristics 
of  aluminum  and  Lexan  cones. 
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The  assumption  was  made  that  the  cone  tip  in  free  flight  would  tend 
to  vibrate  as  if  the  cone  were  fixed  at  its  center  of  gravity,  as  in  Fig. 
16.  The  length  of  3.  013  in.  that  the  cone  extends  from  the  support  col¬ 
lar  also  was  the  distance  from  the  tip  to  the  center  of  gravity  of  the 
1.  75- in.  free-flight  cone.  Strain  gages  were  attached  to  the  base  of 
the  cone  and  wired  to  measure  bending  stress.  The  collar  was  sus¬ 
pended  from  wires  and  struck  with  a  hammer  or  ball  bearing  to  induce 
vibration  in  the  cone. 

Bending  strain  at  the  base  of  the  cone  simulating  the  range  models 
was  measured  with  two  strain  gages  which  formed  adjacent  arms  of  a 
four- equal- arm  bridge  circuit  as  shown  in  Fig..  17.  The  bridge  was 
powered  from  a  6-v  battery.  Strain,  represented  by  the  bridge  output, 
was  amplified  using  a  differential-type  d-c  amplifier  and  was  recorded 
using  a  preamplifier  and  an  oscilloscope.  A  3-v  common  mode  voltage 
was  provided  by  a  resistance  voltage  divider  so  that  zero  voltage  would 
appear  at  the  amplifier  inputs  with  the  bridge  balanced.  The  oscillo¬ 
scope  was  triggered  internally  from  gage  output.  The  strain  recording 
system  was  calibrated  by  unbalancing  the  bridge  circuit  with  fixed  re¬ 
sistors  paralleled  with  one  arm  of  the  resistance  bridge. 


Notes:  (1)  Rj  is  a  25  Q,  carbon  potentiometer. 

(2)  R2  and  R3  are  SR4  Type  FAE-03N-1256 
strain  gages. 

(3)  Bridge  output  is  VA  -  VB. 

Figure  17.  Strain  measurement  apparatus. 
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Oscilloscope  traces  as  shown  in  Fig.  18  were  obtained  when  the 
cones  were  struck  with  a  large  ball  bearing.  The  lower  frequency  and 
greater  amplitude  of  the  Lexan  cone  is  obvious.  It  should  be  noted  that 
the  so-called  Lexan  cone  is  not  truly  representative  of  a  cone  made 
only  from  Lexan;  for  aerodynamic  stability  it  was  necessary  to  insert 
internal  metal  ballast  in  the  fore  part  of  the  cone.  This  affected  the 
vibrational  characteristics,  and  it  is  the  ballasted  cone  which  is  repre¬ 
sented  in  Fig.  18.  Apparently,  the  ballast  acted  as  a  damper  because 
it  reduced  the  frequency. 


Figure  18.  Vibrational  response  of  aluminum  and  Lexan  cones. 
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The  oscilloscope  traces  were  read  on  a  film  reader  to  determine 
frequency  and  the  logarithmic  decrement, 

A  =  (1/N)in  (y0/yn)  (D 

In  Eq.  (1)  N  is  the  number  of  cycles,  yQ  is  the  original  amplitude,  and 
yn  is  the  amplitude  after  the  N  cycles.  For  the  aluminum  cone,  A  = 

0.  047  was  obtained.  The  ballasted  Lexan  cone  did  not  give  a  constant 
A.  The  value  was  lower  at  late  times  but  was  approximately  constant 
at  0.  3  for  about  8  msec  after  being  struck. 

The  calculated  natural  frequency  of  the  fixed-base  aluminum  cone 
is  7960  Hz,  but  the  measured  frequency  was  only  6880  Hz.  Part  of  the 
discrepancy  may  be  attributed  to  the  fact  that  the  collar  does  not  fully 
represent  a  fixed  base  for  the  cone.  The  ballasted  Lexan  cone  experi¬ 
mentally  yielded  1250  Hz  and  a  wholly  Lexan  cone  gave  2060  Hz.  There¬ 
fore,  rather  than  the  computed  ratio  of  Lexan- to- aluminum  frequencies, 
W  =  0.  28,  which  appears  in  Table  3,  or  the  experimentally  determined 
W  =  0.  30,  both  of  which  apply  to  wholly  Lexan  cones,  one  has  W  =  0.  18 
for  the  ballasted  Lexan  cones  actually  used  for  comparison  with  the 
aluminum  cones.  While  one  cannot  say  if  this  5.  6:1  variation  in  cone 
vibrational  frequency  is  significant  in  regard  to  boundary-layer  tran¬ 
sition  under  the  circumstances  studied,  it  is  at  least  large  enough  to 
be  interesting. 

The  time  required  for  a  given  amplitude  change  is  given  by 

r  =  [l/(Af)]  An  (y0/yn)  (2) 

where  f  is  the  frequency  in  Hz.  Because  it  would  seem  very  likely  that 
any  cone  vibration  is  induced  early  within  the  launcher,  the  time  elaps¬ 
ing  between,  say,  the  start  of  motion  within  the  launcher  and  arrival  at 
the  viewing  station  is  relevant  insofar  as  the  cone  vibration  amplitude 
is  concerned.  In  the  ease  of  the  Mach  five  experiments,  this,(average) 
time  was  14.  4  msec  and  for  the  Mach  two  launches  it  was  27.  9  msec. 
Therefore,  if  the  initial  maximum  amplitude,  yQ,  of  the  cone  tip  were 
known,  Eq.  (2)  and  these  input  data  would  permit  a  calculation  of  the 
amplitude,  yn,  at  the  focused  shadowgraph  station.  This  calculation 
could  not  be  made  because  yQ  is  not  known,  but  an  upper  limit  may  be 
placed  on  it.  For  the  10- deg  aluminum  cone,  it  is  calculated  that  a  de¬ 
flection  of  the  tip  of  0.  065  in.  would  have  caused  the  metal  to  yield. 

No  such  bending  was  ever  observed  in  flight  on  10- deg  cones,  so  it  is 
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safe  to  assume  that  y0  did  not  attain  that  magnitude.  Assume  then,  as 
an  example,  yQ  <  0.  06  in.  Substituting  into  Eq.  (2)  the  quantities 

t  =  14.  4  msec,  f  =  6880  Hz,  and 

A  =  0.  047,  yQ  <  0.  06  in. 

one  obtains  yn  <  0.  00056  in.  for  the  aluminum  cone.  Concerning  the 
ballasted  Lexan  cone,  using 

t  =  14.  4  msec,  f  =  1250  Hz,  and 

A  =  0.  3,  yQ  <  3.  3  (0.  06)  =  0.  20  in. 

leads  to  yn  <  0.  00091  in.  Although  the  Lexan  cone  may  start  with  more 
than  three  times  the  tip  deflection  of  the  aluminum  cone,  it  would  be  ex¬ 
pected  to  have  roughly  1.  6  times  as  much  tip  deflection  at  the  viewing 
station. 

Because  of  interest  in  possible  higher  vibrational  modes,  a  second 
type  of  experiment  was  conducted  with  one  of  the  1.  75- in.  aluminum 
cones  of  the  type  actually  launched.  It  was  suspended  by  a  string  at  its 
center  of  gravity  and  struck  with  a  hammer.  A  microphone  and  record¬ 
ing  system  of  the  type  used  to  monitor  noise  in  the  range  recorded  the 
result.  Frequencies  of  7680  and  7180  Hz  could  be  identified.  Higher 
modes  could  not  be  found  by  this  means,  and  it  was  concluded  that  any 
higher  modes  were  associated  with  very  much  lower  amplitudes. 

By  this  comparison  of  transition  on  aluminum  and  ballasted  Lexan 
cones,  one  is  seeing  the  effect  of  a  reduction  of  vibrational  frequency 
from  6880  to  1250  Hz,  coupled  with  a  corresponding  increase  in  pos¬ 
sible  tip  vibrational  amplitude  by  a  factor  of  1.  6.  It  is  believed  that 
there  was  a  small  but  insignificant  amount  of  nose  tip  ablation  on  the 
Lexan  cones  at  Mach  5.  0.  This  is  discussed  in  the  following  section. 
Sufficient  Mach  five  and  Mach  two  launches  have  been  carried  out,  and 
no  significant  difference  in  transition  Reynolds  numbers  has  been  found. 
The  Lexan  cones  will  be  identified  when  the  transition  data  are  discussed 
in  Section  6.  0. 

It  should  be  noted  that  a  recent  wind  tunnel  experiment  by  Olson 
et  al.  (Ref.  31)  revealed  no  influence  of  model  vibration  on  transition 
Reynolds  number.  In  that  situation,  frequencies  of  2900  to  82,  000  Hz 
and  peak-to-peak  amplitudes  of  40  to  1500  n  in.  were  explored.  Those 
authors  believed  that  artificial  roughness  heights  equal  to  the  vibration 
amplitudes  would  have  tripped  their  boundary  layer,  and  they  concluded 
that  vibration  in  their  case  was  less  effective  as  a  trip  than  fixed  surface 
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roughness.  Perhaps  this  should  not  be  surprising.  Unless  a  sensitive 
mode  of  vibration  were  chanced  upon,  the  surface  deflections  owing  to 
vibration  would  take  the  form  of  gentle  waviness  rather  than  abrupt  dis¬ 
continuities  in  the  nature  of  boundary-layer  trips. 


5.4  NONUNI  FORM  WALL  TEMPERATURE 

A  source  of  potential  influence  on  transition  under  range  conditions 
is  the  nonuniform  surface  temperature  arising  from  aerodynamic  heat¬ 
ing.  A  hot  nose  will  be  combined  with  a  relatively  unheated  afterbody, 
and  the  boundary- layer  profile  near  the  nose  will  reflect  this.  Rhudy 
(Ref.  32)  has  made  an  illustrative  calculation  of  the  influence  of  a  hot 
leading  edge  section  with  Tw/T0  =  0.  8  followed  by  a  cooler  plate  with 
Tw/ Tq  =  0.  2.  He  shows  that,  for  Mg  =  6  and  (U/r)g  =  1.  1  x  10^  in."^, 
it  takes  a  distance  of  approximately  600  Sj  for  the  product  pu  in  the 
boundary  layer  at  the  critical  height  y/6  =  0.  9  to  attain  the  profile  that 
is  calculated  for  a  plate  with  Tw/T0  =  0.  2  over  its  entire  length.  The 
symbol  S-j  represents  boundary-layer  thickness  at  the  discontinuous 
change  of  wall  temperature.  Apparently,  there  have  been  no  experi¬ 
ments  to  investigate  the  seriousness  of  the  effect  of  nonuniform  Tw  on 
transition  prior  to  some  recent  and  still  unpublished  work  by  Kendall 
at  the  Jet  Propulsion  Laboratory, 

In  the  range  investigations  conducted  by  the  author,  calculations  of 
stagnation  point  and  afterbody  temperatures  have  been  made.  It  was 
calculated  that  Lexan  cone  tips  would  melt  under  the  Mach  five  condi¬ 
tions  and  yet  no  decisive  evidence  of  tip  blunting  was  seen.  Thus,  it 
is  inferred  that  the  calculated  temperature  increases  either  were  con¬ 
servative  or  that  the  amount  of  localized  ablation  was  too  small  to  be 
seen.  Inspection  of  the  laser-lighted  photographs  of  Lexan  cones  in 
flight  revealed  small  decreases  in  length  and  faintly  cusped  tip  shapes. 
However,  the  laser  station  was  32  percent  further  downrange  than  the 
principal  focused  shadowgraph,  and  ablation  would  have  been  much  less 
at  the  shadowgraph  where  transition  was  determined.  If  one  takes  a 
published  melting  temperature  of  roughly  550°K  for  Lexan,  it  follows 
that  the  nose  tips  of  the  Lexan  cones  were  no  more  than  1.  8  times  the 
temperature  of  the  skirts  which  heat  negligibly  in  the  brief  flight.  The 
calculation  method  yields  a  maximum  tip-to- skirt  temperature  ratio  of 
roughly  2:1  for  the  Mach  five  aluminum  cones  as  well.  At  Mach  two, 
these  ratios  are  much  nearer  unity. 
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As  a  conservative  move,  the  calculated  boundary-layer  thickness 
at,  say,  100  nose  radii  or  0.  5  in.  from  the  stagnation  point  may  be 
taken  as  the  value  for  Rhudy's  <5j  in  the  present  case.  Then,  in  keeping 
with  his  results,  it  may  be  inferred  that  the  cone  boundary  layers  at  the 
transition  location  should  be  essentially  free  of  "hot-tip"  influence 
when  distance  to  transition,  s-p  is  greater  than  600  6j.  On  this  basis, 
all  of  the  present  data  correspond  to  _st / <5j  >  2000  for  the  conditions  en¬ 
countered.  Coupled  with  the  lesser  t-ip-to- afterbody  temperature  ratio 
and  the  conservative  nature  of  this  comparison  with  the  results  in  Ref. 
32,  the  hot-tip  effect  is  not  an  obvious  factor  in  the  present  work.  Un¬ 
til  other  data  are  available,  no  more  may  be  said. 

6.0  DISCUSSION  OF  RESULTS 


In  Section  5.  0  partial  answers  were  given  to  some  peripheral  ques¬ 
tions  that  concern  aeroballistic  data  on  boundary- layer  transition.  At 
its  conclusion,  it  seems  that  the  special  features  previously  discussed 
must  represent  sources  of  boundary-layer  disturbances,  mostly  of 
small  magnitude  and  unknown  impact  on  the  transition  process.  There 
do  not  appear  to  have  been  any  disturbances  prominent  enough  to  domi¬ 
nate  the  transition  results,  e.g.,  to  have  created  the  systematic  trend 
of  Re55t  with  (U / v)^.  The  fact  that  the  models  did  oscillate,  were  not 
perfectly  smooth,  and  did  vibrate  in  small  amplitudes  may  be  signifi¬ 
cant  in  regard  to  sources  of  disturbances  imposed  upon  and  possibly 
amplified  within  the  boundary  layer.  Perhaps  it  is  permissible  to  sug¬ 
gest  once  again  that  all  real  boundary  layers  are  disturbed  in  different 
degrees  by  different  sources.  At  this  time,  however,  evidence  of  any 
explanation  of  the  unit  Reynolds  number  effect  arising  from  these  fac¬ 
tors  is  lacking.  Therefore,  the  main  body  of  data  from  this  investi¬ 
gation  is  next  presented  for  discussion. 


6.1  TRANSITION  ON  SMOOTH  CONES  IN  QUIET  RANGE 

Figure  19  presents  the  data  on  nominally  smooth,  4-  and  10-deg 
semiangle  cones  at  both  =  2.2  and  5.  1.  Within  the  scatter  of  the 
data,  no  clear  difference  appears  between  the  data  for  4-  or  10-deg 
cones  or  between  the  data  for  Mach  numbers  of  2.  2  or  5.  1.  Lest  one 
be  tempted  to  say  that  no  Mach  number  effect  exists,  it  must  be  pointed 
out  that  Tw  »  T^  **  300°K  and  that 
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tw/t6  =  (1  +  Mf)/(1  +:ly±mI) 

Thus,  on  10-deg  cones, 

Tw/T6  =  0.  78  at  =5,1 

and 

Tw/T6  -  0.94  at  =  2.  2 
On  4- deg  cones  at  MOT  =  2.2, 

Tw/T5«  1 

As  mentioned  earlier,  for  10-deg  cones, 

Tw/Taw  =  0.  18  at  =  5.1 


and 


Tw/Taw  =  0.  50  at  Mm  =  2.2 
For  the  4- deg  cones  at  =  2.  2, 

Tw/Taw  =  0-  55 

The  influences  of  temperature  levels  and  wall  heat-transfer  rates 
on  boundary- layer  transition  are  uncertain  because  of  either  or  both 
conflicting  data  and  lack  of  data  for  extreme  ranges  of  these  param¬ 
eters.  The  general  impression  is  that  cooling  the  wall  of  a  model  de¬ 
lays  transition,  but  there  are  data  (Ref.  27)  showing  that  cooling  can 
cause  earlier  transition.  Actually,  of  course,  the  question  is  much 
too  complicated  to  allow  an  easy  answer.  The  stability  theory  of  Ref. 
3  suggests  that  there  is  a  complex  interplay  between  different  modes 
of  instability  and  the  heat-transfer  situation  existing  for  a  particular 
type  of  disturbance  at  a  particular  Mach  number. 

It  is  relevant  to  this  issue  to  call  attention  to  the  cold-wall  status 
(Tw  «  Taw)  of  the  aeroballistic  range  data  and  the  possibly  important 
fact  that  the  local  temperature,  Tg,  in  the  range  is  generally  much 
greater  than  Tg  in  supersonic  wind  tunnel  cases  that  might  be  thought 
comparable.  The  point  to  this  latter  remark  is  that,  to  a  good 
approximation, 

Ml/h2  =  TiWl/T2W2 
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where  ^  is  the  absolute  viscosity  and  w  is  a  function  of  T.  Under  typi¬ 
cal  aeroballistic  range  conditions  where  T  J>  300°K,  one  finds  u  <_3/4. 

In  supersonic  wind  tunnels,  the  upper  limit  on  w  will  approach  unity. 
Therefore,  equal  local  values  of  viscosity- dependent  parameters  within 
the  boundary  layers  are  not  necessarily  to  be  expected  even  when  (U/rJg 
and  M5  are  equal  in  the  cases  considered. 

Returning  to  Fig.  19,  it  can  be  seen  that  a  large  number  of  data 
points  and  broad  range  of  the  independent  variable  are  desirable  when 
working  with  transition  data  obtained  from  a  single  spark  photograph 
of  each  of  a  series  of  models  at  random  attitudes.  Repetitious  spark 
photographs  of  a  single  model  at  fixed,  zero  angle  of  attack  have  shown 


Figure  19.  Smooth-cone,  quiet-range  transition  data. 
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a  bell- shaped  or  Gaussian  distribution  of  transition  locations  with  time 
(cf.  Ref.  28).  The  near- instantaneous,  single- shot  photography  repre¬ 
sented  in  Fig.  19  certainly  reflects  the  normal  fluctuation  in  transition 
location  on  a  given  meridian  of  a  cone,  and  the  data  spread  possible  may 
be  increased  by  other  random  factors  including  the  repeatability  of  the 
author's  visual  process  in  determining  transition  location  in  the  photo¬ 
graphs. 

To  conclude  earlier  discussion  about  Lexan  cones  and  the  experi¬ 
ment  to  evaluate  possible  cone  vibration  effects,  the  comparison  of 
Lexan  and  aluminum  cones  is  included  in  Fig.  19.  No  significant  dif¬ 
ference  is  apparent  for  either  Mach  number.  Similarly,  data  from  the 
Mylar- wrapped  cones  are  indicated  in  Fig.  19,  and  no  significant  dif¬ 
ference  in  results  can  be  attributed  to  that  refinement. 

Perhaps  the  major  message  contained  in  Fig.  19  is  that  the  data  of 
Ref.  5  are  supported.  After  extension,  both  in  regard  to  (U/v)^  and 
M5,  the  so-called  unit  Reynolds  number  effect  remains  strongly  evident 
in  these  aeroballistic  data  where  none  of  the  normal  wind  tunnel  disturb¬ 
ances  were  present.  A  straight-line  fairing  for  all  the  data  in  Fig.  19 
results  in  approximately 

Re6,ta(UM^65 

An  exponent  as  great  as  0.  7  or  as  low  as  0.  6  can  be  defended. 


6.2  OBSERVED  BOUNDARY-LAYER  WAVINESS 

In  several  shadowgraphs  at  both  Mach  numbers,  a  pattern  such  as 
sketched  below  is  visible  at  locations  preceding  transition. 
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When  the  length,  X,  is  measured  and  compared  to  local  boundary- layer 
thickness,  it  is  found  that 

X /6  «  2 

Converting  to  a  frequency  by  writing  U5/X,  where  U  is  the  inviscid- 
fluid,  theoretical  velocity  on  the  cone  surface,  the  result  is 

500  <  U6/X  <  600  kHz 

The  angles  of  the  wavelets  emanating  from  the  ripples  in  the  boundary- 
layer  edge  appear  to  be  very  near  the  local  Mach  angle,  sin--*-  1/Mg. 
This  implies  that  the  ripples  have  little  or  no  motion  along  the  cone 
surface.  Cone  surface  roughness  could  produce  such  a  result,  but  that 
is  not  believed  to  be  the  source  of  the  flow  disturbances.  Similar  pat¬ 
terns  preceding  the  location  of  transition  were  noted  by  the  authors  of 
Ref.  33  and  several  others  since  that  time. 


6.3  EXPERIMENT  WITH  NOISE  INTRODUCED  INTO  RANGE 

The  normally  "quiet"  condition  of  the  aeroballistic  range  was  de¬ 
scribed  in  Ref.  5  and  in  an  earlier  section  of  this  report.  In  an  effort 
to  perturb  this  condition,  an  available  Federal  Sign  and  Signal  Corpo¬ 
ration  Model  A  siren  was  installed  as  near  as  practical  to  the  position 
of  free-flight  cones  as  they  passed  the  photographic  station.  Experi¬ 
ments  with  various  orientations  of  siren  and  microphones  showed  that 
a  130-db  field  was  introduced  in  the  area  of  the  model  by  this  means. 
The  peak  amplitude  of  the  fluctuating  sound  pressure  level,  normalized 
by  the  range  static  pressure  most  used  for  this  phase  of  the  study  was 

P/Poo  ^  4.  7  x  10-4,  rms 

for  40-Hz  to  40-kHz  frequencies,  and  the  dominant  frequency  of  the 
near- sinusoidal  waveform  was  800  Hz.  A  Bruel  and  Kjaer  1/2- in. 
Model  4133  microphone  was  used  for  these  measurements. 

For  comparison,  it  may  be  noted  that  sound  pressure  ratios  men¬ 
tioned  in  Ref.  9  for  a  wind  tunnel  at  Mach  three  conditions  are 

0.  014  <  p/Po,  <  0.  035  rms 

Thus,  while  the  siren  produced  an  rms  level  of  p/pro  more  than  200 
times  greater  than  the  measured  maximum  in  the  "quiet"  range,  the 
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ratio  remained  an  order  of  ten  less  than  would  be  expected  in  a  typical 
supersonic  wind  tunnel.  (Note  that  these  ratios  are  different  if  p  rather 
than  p/Pc  is  the  basis  of  comparison.  ) 

Figure  20  presents  results  for  several  cones  launched  with  the 
siren  operating.  Static  pressure,  p^,  was  1040  mm  Hg  for  the  10-deg 
cones  at  Mach  two  and  239  mm  Hg  for  the  4- deg  cone  at  Mach  two..  The 
10-deg  cones  at  Mach  five  were  launched  with  450  mm  Hg.  It  is  clear 
that  the  particular  noise  spectrum  imposed  by  the  siren  did  not  produce 
a  significant  effect  on  boundary-layer  transition.  The  low  frequency  of 
the  siren  output  could  be  the  cause  of  this,  but  it  is  noteworthy  that 
sound  pressure  ratio,  even  with  the  siren,  was  still  very  low  in  com¬ 
parison  to  supersonic  tunnel  test  sections. 


Figure  20.  Influence  of  elevated  noise  level  on  transition 
reynolds  number. 
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7.0  CONCLUDING  REMARKS 


The  principal  conclusion  is  that  a  form  of  "unit  Reynolds  number 
effect"  seems  to  exist  in  the  free-flight  range  environment.  None  of 
the  range-peculiar  conditions  investigated  thus  far  appear  to  offer  an 
explanation  for  this  result  which  now  is  shown  to  exist  at  two  super¬ 
sonic  Mach  numbers.  The  introduction  of  noise  in  the  form  of  800- Hz, 
130-db  siren  output  failed  to  measurably  affect  transition  Reynolds 
numbers.  The  particular  conditions  of  the  latter  experiment,  which 
was  performed  with  available  equipment,  may  not  have  been  appropriate 
for  producing  a  large  effect.  The  mildly  surprising  equality  of  Reynolds 
numbers  of  transition  at  M5  »  2.  1  and  4.  3,  with  Tw  =•  T^  =  300°K  in  both 
cases,  deserves  further  investigation.  Whether  or  not  the  different 
wall  temperature  ratios,  Tw/Taw,  compensated  for  Mach  number  ef¬ 
fect  remains  a  question. 
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NOMENCLATURE 


cr  Phase  velocity  of  disturbance  =  velocity  of  wave  propagation  in 
free- stream  direction 

f  Frequency  of  vibration  of  cone 

k  Roughness  element  depth  as  measured  by  profilometer 

M  Mach  number 

N  Number  of  cycles  of  vibration 

p  Pressure 

p  Fluctuating  sound  pressure  amplitude 

Re  Reynolds  number 

s  Distance  measured  along  surface  from  stagnation  point 

T  Temperature 

U  Velocity 

a  Total  angle  of  attack;  also  designates  "proportional  to" 

o-p  Angle  of  attack  in  plane  of  photograph 
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/3 

T 

6 

0 

0c 

X 

h 

v 

P 

0 

U) 


Characteristic  angular  frequency  of  disturbance  spectrum 
Ratio  of  specific  heats 
Boundary- layer  thickness 

Characteristic  orientation  of  disturbance  spectrum 
Cone  semiapex  angle 

Characteristic  wavelength  of  disturbance  spectrum 
Absolute  viscosity 
Kinematic  viscosity  =  ju/p 
Mass  density 

Orientation  of  a  cone  meridian  relative  to  the  windward 
"stagnation  line"  where  <j)  =  0 

Exponent  in  the  approximation  ju  a  Tu 


SUBSCRIPTS 
aw  Adiabatic  wall 

o  Total,  e.g„,  total  temperature;  also  designates  a  =  0 

t  Transition 

w  Cone  wall 

a  Denotes  a  f  0 

6  Local  flow  parameter  at  outer  edge  of  boundary  layer 

m  Free  stream 
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